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SiC has continued to produce much interest because of its intrinsic properties and numerous technological applications. 1 The common growth methods for SiC are sublimation and chemical vapor deposition ͑CVD͒.
2 However, the films obtained are not high quality, affecting the performance of electronic devices. For example, the 6H or 4H-SiC films grown from CVD processes contain mixed phase polytypes.
2 A novel promising technique is supersonic jet molecular beam ͑SJMB͒ deposition.
3 This process is characterized by a precise control over the incident kinetic energy of the gas species ͑typically in the energy range ϳ0.1-5.0 eV). In contrast with other techniques, high quality epitaxial films can be grown at lower substrate temperatures, which promotes sharp interfaces and limits diffusion of dopants. It was recently demonstrated that high quality single polytype films can be deposited at improved growth rates on 6H-SiC substrates maintained at 1530 K. 4 Many aspects of SJMB growth are not yet well understood. To our knowledge, there has been no report of computer simulations of SJMB growth of SiC. Monte Carlo and molecular dynamics ͑MD͒ simulations of Si deposition on Si substrates have appeared, 5 but not on SiC systems. In this work, we investigate the dynamics of different adatom species impinging on a SiC substrate. Our long term goal is to understand how controllable parameters such as beam energy and substrate temperature influence the quality and morphology of the grown epilayers. We report here MD studies of the dynamics of single Si and C atom deposition, useful in understanding the adsorption phenomena which affect the SJMB deposition. Since SiC growth depends crucially on the sticking coefficients of precursors containing Si and C ͑such as silane and methane͒, these quantities are of interest. In addition to temperature and energy dependencies, we evaluate the energy landscape of the surfaces in order to obtain insights relevant to the growth processes. Similar studies of C deposition on diamond surfaces have given valuable insights as well. 6 We consider here Si and C atoms incident on the polar ͑0001͒ surfaces of the hexagonal phase, 6H-SiC. The ͑0001͒ surface of 6H-SiC is a commonly used substrate not only for SiC, but for nitride materials growth as well. 2 The ideal clean surface is either terminated by Si ͓6H-SiC͑0001͔͒ or C ͓6H-SiC(0001 )͔. The Si ͑C͒ terminated phase has a top layer of atoms, each with a dangling bond protruding from the surface, while being threefold coordinated to its nearest neighbor C ͑Si͒ atoms.
Our molecular dynamics is based on the Tersoff manybody potential for SiC systems, shown to describe well bulk and surface properties. 7, 8 Moreover, the structural properties of both 6H-SiC͑0001͒ and 6H-SiC(0001 ) surfaces are well described by the potential, as evidenced by our own investigation. For example, bond lengths between the top atoms and their nearest neighbors are 1.87 and 1.81 Å for the ͑0001͒ and (0001 ) surfaces, respectively ͑compared to the ab initio values 1.84 and 1.81 Å͒. Both surfaces relaxed to a lower energy (1ϫ1) configuration, in good accord with previous ab initio work. 9 Although the precision of the Tersoff potential-based MD is arguably inferior to a full quantum mechanical approaches, it is the only framework that allows a realistic description of processes underlying dynamic events, and which need to be simulated over a long time scale. Given the proven effectiveness and overall reliability of the methods used, our conclusions should not be adversely affected by a first-principles approach. Notice that apart from long simulation times, large surface models are required for reliability, making even tighter computational demands.
We use here a large period slab containing 12 layers of atoms, with nine atoms per layer. The substrate temperature is kept by a Berendsen thermostat. 10 A Si or C atom with a given incident kinetic energy is allowed to impinge on the surface ͑held at a given temperature͒ at normal incidence. The initial positions of the adatoms were chosen randomly on the surface. The incident atom is initially placed far from the surface, where it does not experience interaction with the substrate. The adatom is considered to be adsorbed when it bounces 10 times against the surface, as subsequent desorption is highly unlikely. C atoms for several cases. We monitored the trajectory of each atom for sufficiently long time (ϳ1500 fs), and 500 collision events were investigated for each incident energy to allow good statistics. The results shown are for surfaces at 1500 K, and adatom incident energies of 1.0-5.0 eV. These conditions correspond to those found in the growth experiment. 4 The sticking coefficients do not change substantially with increasing kinetic energy of the adatoms. The sticking probability for Si on 6H-SiC͑0001͒ is high and nearly constant, while we find a slight increase on 6H-SiC(0001 ), although always Ϸ20% smaller than the first. In contrast, there is a 10% drop in the sticking probability of C on both 6H-SiC͑0001͒ and (0001 ) surfaces with increasing incident energy. Interestingly, and perhaps not too surprisingly given the affinity of Si and C, we find the sticking probability for both adatoms to be very high and comparable to the sticking probability of Si on Si surfaces. 11 Notice also that the sticking probability is slightly higher for C than for Si, and that the rates on the Si-terminated surfaces are slightly higher than for the C-terminated substrates.
Collision runs with off-normal incidence, angles up to 45°, and for substrate temperatures down to 800 K, did not alter the results dramatically. Analysis of representative trajectories reveal that the chemical reactions characterizing the adsorption events are the formation of bond͑s͒ between the adatom and the dangling bond site͑s͒ on the surface atoms. Most of the structures identified have configurations where ͑a͒ the adatom is singly coordinated to a surface atom and has bond axis normal to the surface; or ͑b͒ the adatom is adsorbed in a threefold symmetric fashion to three neighboring surface atoms. Establishment of adatom-surface bonds induced also local reconstruction of the surface.
We also analyzed representative trajectories to elucidate how the adatom's energy evolved as a function of time, for both chemisorption and scattering events. Our aim is not to present direct statistics of the energy transfer processes for all the events, but to provide intuitive description of them. As the adatom approaches the surface, it is strongly attracted and accelerated towards the substrate, due to the potential created by the surface dangling bonds. After approximately 25 fs, the adatom penetrates the repulsive region of the potential and its kinetic energy vanishes. For a scattering ͑non-adsorbing͒ event, the repulsive wall causes the adatom to head away from the surface towards the gas phase. By contrast, for chemisorption events, the adatom systematically loses energy while it oscillates against the surface. The adatom typically loses more than half of its initial energy after the first time it bounced on the surface. The adatom ability to escape is lessened by the continuous loss of energy, typically a fraction of an eV per bounce. Figures 2͑a͒-2͑d͒ show the potential ''surface landscape'' for Si and C adatoms on 6H-SiC͑0001͒ and (0001 ) surfaces. The energetics were obtained using bigger slabs, 12 layers thick and with 16 atoms per layer. We follow the procedures outlined in Ref. 11 to calculate energy landscape.
Interestingly, the potential surfaces are markedly attractive over the entire depicted area of four unit cells. Their geometries resemble that of attractive funnels centered around the surface dangling bonds and subsurface atoms. This is the dominating factor in the high adsorption probability of atomic C and Si. The incoming adatoms experience a strong attractive potential on large sections of the surface. Moreover, the energy loss of the adatom described above is a clear indication of the effective coupling to surface and bulk vibrational modes, which quickly drain the energy away, and allow for the strongly attractive adatom-surface interaction to take over.
The potential surfaces of the Si-6H-SiC͑0001͒ ͓Fig. 2͑a͔͒ and C-6H-SiC͑0001͒ ͓Fig. 2͑c͔͒ systems are overall more attractive than the other two cases. This explains why the sticking coefficient of the adatoms are generally higher on the Si-terminated substrate. Moreover, the potentials consist of broad attractive valleys around the dangling bond sites and subsurface atoms. These regions lower the chances of immediate scattering of the incoming adatoms and prolong their interaction time with the substrate. These valleys are likewise guiding channels of possible adatom diffusion. Adsorption probabilities of the C adatoms on both Si-and C-terminated surfaces are generally higher, as mentioned. This is likely due to potentials being steeper for both C-6H-SiC͑0001͒ and C-6H-SiC(0001 ) cases. This feature is especially evident in the region around the dangling bond sites.
We have identified three adatom binding sites common to all the potential surfaces. These are sites above the surface atoms ͑A1͒, the second layer ͑S3͒, and the fourth layer substrate atoms ͑F3͒. For the A1 configuration, the adatom is onefold coordinated to a surface atom, with bond lengths slightly shifted from the respective bulk bonds ͑1.57, 1.88, and 2.35 Å for C, SiC, and Si, respectively͒, and close to the sum of covalent radii of the involved atoms ͑0.77 and 1.17 Å for C and Si͒. For example, the bond length between Si adatom and Si on 6H-SiC͑0001͒ is 2.32 Å, while the C-C bond for adatom on 6H-SiC(0001 ) is 1.49 Å. The surface atom bonded to the adatom is displaced towards the vacuum. The amplitudes of displacement for the surface Si and C atoms on the 6H-SiC͑0001͒ and 6H-SiC(0001 ) are ϳ0.1 and 0.4 Å, respectively.
On the S3 site, the adatom forms a significantly strained bond with each of the three substrate-surface layer atoms. The system reduces this strain by pushing down the second layer atom residing underneath the adatom, while lifting the second layer atoms just around it and buckling the region. ͑This restructuring should be visible with microscopic probes such as scanning tunneling microscopy or atomic force microscopy.͒ For Si adatom on the 6H-SiC͑0001͒ system, for instance, the adatom's bonds with the three Si surface atoms is 2.54 Å ͑longer than the Si-Si bulk bondlength of 2.35 Å͒, while C underneath is pushed down by 0.1 Å. Adsorption of Si on the S3 site is of utmost interest since this configuration is the precursor to the )ϫ) reconstructed 6H-SiC͑0001͒ surface seen in the experiment and confirmed by ab initio calculations. 9, 12 Finally, the adatom forms bonds with three top layer surface atoms when it is adsorbed in a F3 configuration. In the case of the Si-6H-SiC͑0001͒ system, the three bond lengths are about 2.2 Å. These atoms are also shifted towards the vacuum by approximately 0.1 Å. The three second layer C atoms residing in the vicinity of the adatom are pushed down by less than 0.08 Å.
In summary, we have elucidated adsorption dynamics of Si and C atoms on the polar ͑0001͒ surfaces of 6H-SiC. The fraction of adsorbed adatoms is high due to efficient kinetic energy loss of the adatom to the surface, and the strong adatom-substrate interactions. The potential surface landscape shows binding sites in all cases, with sharper values for C adatoms. The calculation of quantities such as the adatom's hopping rates and diffusion coefficients is the topic of our current and future work, and will be reported elsewhere.
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